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tes disappeared, indlcatmg the occurrence of the esterifica 
t.«|rcact.cn between the carboxylic acid and ep^xy 
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toodo^I grafted onto the nanotubes ca/J^Se 

en m atu chenncal mtegtation of the nanoiubcs iSto tte 
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Microscopic Anafysit. The SEM imaees (Roure 61 of ih. 

f.^^^!,^ *i! T**^ °°<^ homogeneity was 
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bodies xvere found to break rather tbl jusipuluS .Ttl^ 
««fece. suggesting that bonding exists between tte «,™™ 
^ and SWNTs By compari^son. ftacS^-^S- 

n«o,ubes (Figure 6a) show a nonunifonn dispS. S 

More slidrng occurred for the pristine SWNTs fathc cpo5 
matnx. suffiesiing limited load transfer ™"««P«>»y 
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392 
393 
394 
395 
396 
397 
39« 
399 
400 
401 
402 
403 
404 



mechanical properties showed a ve^,t^? T ' ^ 

al«ed nanotubes had a tensile strength of W mT^TJ 

nveiy. a 30% mcrease in modulus over that of the -IT 

""ir '^"^"^ streTst^ttrc^ 

a«»v^ m F.gu«. 7 for comparison. These results dS 
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ofSlSL^ilrlf^i modifications 
of ftf^^T • nanotubes for the improvement 

v" ^ !"teeraao„ of nanotubes for Twy 
composite apphcations was demonstrated. The comwS^ 
of a«d treatment and fluorinauon caused both^TS 
soS" funcUonalization. With addiUonal hSp AZ 

mspersion in the epoxy manix can be achieved. Th- 
umformly dispersed and fimctionalized LS^oJ^S 
for an efficient imemetion wid, the epoxy matTaKS 
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Abstract 



In this work nbvel eooxv n I • 

single-walled carbon nLoX^S^^S^^^ ^«"ft>^««i by functionalized 

stnictme have been developed The flvS^Si^ ''^^"^ P<>«y^^ 

methods: 9 add tr^tmentof^SWrS'folIo^^^ ^[fS""^'^ <*S 

temiinal diamines with the aIkyIcarbt»™T Ir^^ "^^^ AuorinaUon. (ii) reactions of 

course of dicarboxylic add 7er^^i' rS^^ 

composites have been prenared bv ^ ^^^t^be reinforced epoxy w)lvm^ 
fixing ^ compressioSZSg'^sSn?"!'-^^^ clispersion, S^SSL^ 



Background 



eS?"^^^"S"^~^^^ . .e dev.op.ent of ««.e 

are expected to increase the tensile stro^^r i "I*** composites and they 
composites by absorbing energy i^Z^^ .r^^^^^ *e toughness of the epox^ 
These nanotube reinfenSd «SS?.;tI 5 ' '"^^^ ^^'^ble elastic behavio??n 
^ce shuttle and space statKu^S a"d S'""^'' aPPHcationsS 
pressure vessel for liquid or gas conKeTS^^^^^ aircraft components sud, as a 
of wings, control surfeces of airBlanr^ Sil '"^ ^^^^ s^^'^^ and undersides 
from rocks and other debris SS Vdul?[S^?W^^^^^^^ *^ might^S 

lightweight polymer based wirinc and Jn?-? ^ concentrations could provide 

systemsfor lightweight and i^^b^^"^^^^^^^ - -11 -as new chip att^^^^? 

An important approach to creati» <ra/MT 

?2T¥;^ *t "'JJr'^- -here?CaS^nS°p^?5 /i? <^^-'-l 
[2J. This should enhance load transfer, alfow forCefi^^ crosslinked polymer structure 

lor oetter dispersion, and it can alto enhance 
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m!ti!S™^i!^-^"''^^^ properties of the composite thereby creating a multifunctional 
matenal This mnovation work presents the first development of the «,oxy mSd 




Figure 1. Integration of the nanotubes into the epoxy. 
This hybrid is a fully integrated nanotube composite (FINCs) material where the 
^notube « an integral part of the epoxy system and not a s^UHn^r T^fim 
imegration .dea was realized through the initial acid treatme^ and fuSrinSfon ^ 
improve dispersion and integration of the such prepared f-SWNTs via Station of 
fluonne on the c ose-ended nanotubes in the course of reaction JthTSS [sf 
Anofter sacce^I approach invoked diamine reactions with tiie alkylcarboS jJouoi' 
directly attached to the SWNTs side walls via a dicaAoxylic acid peroxSSl^n? to 
produce t™^ amine functional groups capable of curing the epoxy m^r otii^ 

S^-l-f o?ir "^f^^ "'"P'^'^y '° side%faainfonLnS^- 

SWNT^ or vinylalkoxysdane treatment of hydroxylated SWNTs, etc More ddLils 

providedontheattachedfilesshowingfiinctionalizationroutes. 

Fabrication Process of Nanotube Epoxy Polymer Composites 

Materials 

The starting material is the purified BuckyPearl SWNTs provided by Carbon 
Nanotechnology Inc. This material is produced by aHQPco process and has a much^o 
compact fbmi (so called BuckyPearl) with a microme^s^le^omeraS ^ ' 

The base epoxy resin is a Diglycidyl eth«- of biphenol A EPON epoxy provided by Shell 
SiSagent combination with an cycloaliph^c'and^L;^!? ^anSe 

SWjW PuncOonalization Route # 1: Combined use of acid treatment foUowed by 

Acid treatmem cf SWNTs. For preparation of end-functionalized SWNTs we used the 

^^"'"'"^ ^ procedure frS Se 

^ ^ mg of SWNTs were sonicated in 250 ml of concitrated KbSO4/7096 
? -ii '^"'^ ^ temperature. In a final step, HCI was added into 

the acid. The soluUon was extensively washed with water and NaOH sohition The acid 

^m?™rr^?*"°*?/L^^^"^^^"> ^^^^ ^°»^^*«* o» a 0-25 H^' MiUpore 
membrane by filtration and dnedm the vacuum ovm at 70 °C. r f 

Fluorimtion of SWNT-COOH. Add treated nanotubes were fluorinated in a Monel 
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Scheme 1. Acid treatment following by fluorination 
COOH COOH 



l2 



somcation 



COOH 

Integration into epoxy system 





SWNT Functionalization Route #2: SidewaH and end-tip diamine ft.„ctionallzatio„ 
Sidew«in amine functionalization route is presented on Scheme 2 

Mep the acid groups od the SWNTs were subsequentlv treats S «v-i /S^j'T • 
In this woric the diaume reaction time „«, adjS w h«.M„ ^ 
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in 



o 

+ HO(!cH2CH2. 



Scheme 2 : Diamine functionalization 

1. SOCI2 
11 2. Diamine 
tCOHl,- ► 




HjCHzci-NH-X-NH, 



Where "X" represents the internal CHj group in different diamine 

a) Aliphatic diamines (ethelynediamine, TETA, DETA^ 
NHiCHitCH2NH2 



curing agents: 



b) Cydoaliptetic diamines: PACM (4.4--methylenebis(cyclohexylamine) 

c) Aromatic diamine (W curing agent) 

H3C 




C2HS NH2 



OH 
I 

'HiC-CH-CHax 



'H2C-CH-CH2 
I 

OH 



N-X-NHCCH2 



^t^ration into the epoxy ^tem 

OH 

o 

^HaC-CH-Ofe' 
I 

OH 

OH 
I 

/HaC-CH-CH2 

CO-NH-X-N. , ^ 

^H2C-CH-CH2 

I 

OH 
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Dispersion and Fabrication of Nanotube Epoxy Composites 

HORN ultrasonic pr<y:^^f ^dt^X^o^ZX I ""Z "''"^ ^ ^'f ^^^^ 
Tbereafter the epoxy resin is add^^d7J^«i ? - ^" "Itrasonicator bath (40 KHz), 
used, the ntixtie is^? nto a Sl^h" 'IT? ^hen DMF is 

evaporated ofiF. When ofh^^h J^^J^^Z ^ ^ « 

bath and sonicated till ^i:T.:^:,:^^^TrH^T 

vacuum chamber for complete removaf of ThT 3 is moved into a 

produces better dispe«ion.Si?S^I?i°^ten?^^^^ T""^" ™^ ^"'^^^ 
Vdth a high shear mhrino homSzer ?o 2.„lt "^'""^'^ ^ min 

mixing by hand is also afpSTS X^m^SS^ ^^"^'^^ 
tfien and further stiiring performed with a hiS^rhSr mb^^. w T"" ^^^^ 

hours in a vacuum oven and then casHi^n 1? a! • . degassed for 5 

at 1 00 «>C under a prestSof 6? M^l'^oTntrfT ""T^' ^'"^ 
'C in oven. During rnMu^ J^r J^^^^^fl?!^''^^^ 160 
porosity. Nanotube/epoxy composition £ 1 "^^ - " '^'^^ *^ ^^^^P '"educe 
fiinctionaljzedSWNTs. "^'"P'*'"^ P^Pared using 1 to 5 wt% load of 



Summary 



Ster^r^ir^^^^ «es (FINC materials) by a 

fonctionalization. disperlSTS^ ^"x^^ftn °" T''*"^^ .'''^^^^ ^"^ «"d-tip 
Significant improvemSXdis^S of nSh^^ processing 
chemical ftinctionalization. pSZf T fi^^^^^^^ f^T ^^'^ 
incoiporated into epoxy comoosiSTn^th f?^ nanotubes can be 

course of epoxy cSring rSk>^ a^H formation of strong covalent bonds in the 

crosslinkedepo^^S^'^gSSSiaT^d na^J^^^^^^ ^^""^ ^ *=<>"^P«"«"t of 

the epoxy ma^x E^xTcomorSS ,f P^V reinforcement role in 

to2% wt) l-vedem^n^StteSirc J ml?"^^^ 

in conventional epoxy poty^ te^loof rS)Zf ^J""^^^' unprecedented 
to feilure were i^prl^A^^^X^^^ ""^^^J"^ and elongation 

shown inFigure2 Ld ^d,l7l ''"^ 862 epoxy as 

SV^^eSa'fo^y'S^ -''-t^P Wionalization 

systems. A variety oKSl^ZLro'"'''''''*^ ^.''^ ^^"^^'^ *° o*^^ Poly«ner 
nanotubes and thL aSte/T^frea b^.'^f'^^f 

integrated polymer compSS ^ ^ ^^^"^^^ ^^Ts in nanotube 
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Figqre 2. Tensile tXress vs. stnun curves for nanotube^epoxy composites 
Table 1. Tensile properties of nanotube/epoxy composites 



Epoxy Composite 
Formulation 


Young's Modulus E 
(MPa) 


Tensile Strength o 
(MPa) 


Elongation 
(%) 


Neat Resin 
EPON 862AV 


2026 


83.2 


6.5 


1% BuckyPearl 
SWNTs 


2123 


79.9 


5.8 


1%F-SWNT- 
COOH 


2632 (+30%) 


95.0 (+20%) 


6.3 


1% to 2% 
SWNT-R-NH2 


2650 - 3400 (+70%) 


104 (+30%) 


8.2 (+30%) 
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What is Claimed: 
1. 



2. 



7. 



e) 



t « ' «~ into an epoxy naatrix comprising 

a) P^<>viding a plurality of iunctionalized single-wall carbon nanot^^^^ 

b) d,spem„g the functionalized single-waU carbon nanotubes in a solv^if 

c) adding an epoxy resin; * 

evaporatfa^ ftc .olven, ,o yi.u a smgle-wan c«to a««,n*.^ Mod- 
^^™^™g.e-waU carbon na,«„t.^^ ^ , \ ^ 

0 adding a Cluing agent; and 

g> «^g>«tag the dngle-wall carbon nanotubc^xy blend 

'^'^ tootionaUzed single-waU carb«n nanotubea a« 

Xl'^.XtS^'^ *° «»cdo„ali«d single-wall carbon nanotubes arc 

■^^^ of Claim 1. Wherein ,he itactionalized single-wall cariK» nanotubes an, 
^x^^ I'^JJ*^" ftnctionali^d ^ngle-wall carbon „anot„fc« 
S°rSctSt?m a dine"' " ^-tionalized singl.wall carbon nanotubes 
wlS^c^^^. ™* fimcaonalized singl^wan carbon nanobrbes 

^a^,;^sSg^rsSs*r~ ^ ~« in.. «. epoxy 

" SZS= acid^'SoS'ti^tr^ 

d) adding an q)oxy resin; 

^"S;*' • «-ionaHz«J singlcwall carbon nanotube- 

0 Stirring the ftinctionalized sinsle-wall carhnn u ^ . 

shear mixhig homogenizer, nanotube-epoxy blend with a high- 
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b) 
c) 



method of aai„ 5, wheretaT^ ''°^'"'^'"'"''■ 



g) 

h) 
i) 
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